Blast injuries are an increasing problem in both military and civilian practice. Primary blast injury to the lungs (blast lung) is found in a clinically significant proportion of casualties from explosions even in an open environment, and in a high proportion of severely injured casualties following explosions in confined spaces. Blast casualties also commonly suffer secondary and tertiary blast injuries resulting in significant blood loss. The presence of hypoxaemia owing to blast lung complicates the process of fluid resuscitation. Consequently, prolonged hypotensive resuscitation was found to be incompatible with survival after combined blast lung and haemorrhage. This article describes studies addressing new forward resuscitation strategies involving a hybrid blood pressure profile (initially hypotensive followed later by normotensive resuscitation) and the use of supplemental oxygen to increase survival and reduce physiological deterioration during prolonged resuscitation. Surprisingly, hypertonic saline dextran was found to be inferior to normal saline after combined blast injury and haemorrhage. New strategies have therefore been developed to address the needs of blast-injured casualties and are likely to be particularly useful under circumstances of enforced delayed evacuation to surgical care.
INTRODUCTION
Blast injuries are an increasing problem in both military and civilian practice [1] . To understand and model blast injury we need an appreciation of the forces and threats acting on a person exposed to an explosion. Broadly, the casualty may be exposed to rapid pressure changes (shock wave), fragment and debris (ballistic/projectile threat) and bodily displacement resulting in blunt injuries and shearing effects. The magnitude, incidence and clinical significance of the various types of injury depend on the nature and environment (e.g. open or closed) of the explosive device, protection worn by the casualty (which may give greater protection against one aspect of the threat) and distance from the explosion.
When an explosive detonates it generates an extremely rapid (effectively instantaneous) increase in pressure in the immediate vicinity of the explosion which travels outwards from the site of the explosion as a high-pressure wave. The high pressure (peak overpressure) usually lasts only for a very short time (milliseconds) and is followed by a fall in pressure, often to sub-atmospheric levels before returning to ambient pressure. This is defined as the 'shock wave'. The magnitude of the peak overpressure falls as it travels away from the site of the explosion, initially by an inverse cube relation. This is not the component of an explosion that causes the target to move any great distance. Fragments (of the munition casing and pre-formed fragments contained within the device) and surrounding debris energized by the explosion are propelled outwards forming a ballistic/ projectile threat. In addition, the explosion usually gives rise to a very large volume of gas, pushing air and debris outwards and acts over a sufficiently long time course to physically throw casualties against other objects. This is the 'blast wind' (dynamic overpressure). The shock wave and the blast wind are sometimes collectively called the 'blast wave'. Finally, for those close to the explosion there is also a large amount of heat which can also cause injury.
CLASSIFICATION OF BLAST INJURIES
Blast injuries are classified according to the forces causing the injury (see above). There are four main categories [2, 3] : primary, secondary and tertiary, with miscellaneous additional injuries forming a further (quaternary) group:
Primary blast injuries result from the interaction of a shock wave with the body. Injury is largely confined to the air-containing organs, such as the lungs, bowel and ears, often without external signs of injury [4] , although recently there is heightened suspicion that primary blast may also cause brain injury [5] [6] [7] .
Secondary blast injury results from the impact of fragments and larger missiles accelerated by the blast. Injuries caused by these fragments can be further categorized as penetrating or non-penetrating. This group accounts for the majority of blast injuries, particularly in open spaces.
Tertiary blast injury results from the acceleration of the whole body or parts of the body by the blast wave causing translational impacts of the body with the ground or other fixed objects, and/or traumatic amputation of body parts and stripping of tissue.
Quaternary blast injury represent a further group of miscellaneous injuries includes flash burns, caused by the radiant and convective heat of the explosion, burns caused by the combustion of the environment, crush syndrome, the effects of noxious gaseous products liberated in enclosed spaces, especially carbon monoxide, and psychological effects.
An analysis of military casualties from terrorist bombings [8] found that blast lung was frequently identified at post-mortem examination but, in the majority of cases, that death could also be attributed to other causes such as penetrating wounds, head injuries or traumatic amputations. In general, the incidence of blast lung in survivors admitted to hospitals was low (approx. 1 -2%) [8] , but higher percentages were reported for explosions in confined spaces (e.g. figures ranging from 63% to 94% of critically injured civilian survivors in the Madrid train bombings [9, 10] ). More recently, authors have quoted a report by Ramasamy et al. [11] as evidence that the incidence of primary blast injury is very small (approx. 3.8% of casualties sustained in explosive events). However, extreme caution should be exercised in general application of this headline data since Ramasamy et al. [11] focused almost exclusively (91.3% of cases reported in the paper) on a very 'special' type of 'explosive device', the explosively formed projectile improvised explosive device (EFP-IED). This device is very focused in its action and produces a directional projectile threat. Ramasamy et al. [11] themselves state very explicitly 'We report a different pattern of injury caused by the EFP-IED compared with conventional explosive devices'. A very recent review of military casualties [12] concluded that 71 per cent of combat casualties admitted to medical treatment facilities during [2003] [2004] [2005] [2006] were the result of explosions, and the proportion of these suffering blast lung injury was very small (3.6%). However, the definition of blast lung (a primary blast injury) used in this study could have significantly underestimated the true incidence since 'Patients found to have rib-fractures, scapula fractures, or open wounds to the chest were included in the study but were considered to have injuries caused by secondary or tertiary explosive mechanisms' [12] . While this is a very 'safe' definition of blast lung where it is essential to exclude all other possibilities, it will exclude blast lung injuries when it co-exists with other injury types, which is common with conventional munitions and terrorist bombs and hence may underestimate the occurrence of blast lung in current in military casualties. Perhaps the most recent assessment of the incidence is given by Smith et al. [13] , where the incidence was found to be approximately 11 per cent in casualties who also suffered other (particularly penetrating) injuries.
These differences in reported incidence emphasize the importance of the context of the explosion, which has a profound effect on the nature, type and frequency of the injuries. Primary blast injury has a higher incidence in a number of different scenarios [14] : -Explosions in confined spaces increase the effective loading to the body because of blast wave reflection, and, under certain circumstances, can increase the risk of blast lung.
-Unconfined bare charges or explosions of gas or vapour clouds, which generate very few secondary fragments, produce a higher incidence of blast lung injury. -If the risk of fragmentation injury is reduced by personal body armour, antifragmentation liners in military vehicles, or by field defences (e.g. trenches), the incidence of penetrating injuries (and death) declines.
Because materials used in ballistic body armour will not decouple blast waves, blast lung still occurs and is relatively more common in survivors protected from fragmentation [14] . A threat analysis highlighted the dangers from novel blast weapons 'New technologies are now being integrated into warheads that claim to have enhanced blast performance. Blast weapons could have been designed to fill a gap in capability; they are generally used for the attack of 'soft' targets including personnel, both in the open and within protective structures. With the increased number and range of these weapons, it is probable that UK forces will have to face them in future conflicts' [15] . Because of these considerations it was important that we increased our ability to protect against weapons causing primary blast injuries and our ability to effectively treat casualties with combined injuries that included a significant component of primary blast injury such as blast lung. Several strategies were undertaken simultaneously in the UK and by other groups worldwide to address the knowledge and capability gap. Significant progress was made in the understanding of the physical mechanisms underlying primary blast injury (predominantly contributing to improved protection) and the pathophysiological response of the casualty to blast injury (designed to improve treatment strategies). Wherever possible physical (non-animal) models were developed and used to reduce and replace the use of living animals in these studies. However, investigations of the pathophysiology of blast injuries relied on complex interactions between a variety of body systems, e.g. pulmonary, cardiovascular and inflammatory, that could not be modelled without recourse to living animals. In the UK, studies of this nature are conducted in strict accordance with the Animals (Scientific Procedures) Act 1986. The process includes an ethical review of proposed studies prior to submission of an application to the Home Office for a mandatory licence to conduct the study. At each stage there is an assessment of whether the work can be achieved by means other than in vivo studies and a close scrutiny of the scientific hypothesis and proposed methodology to ensure that the work is necessary and conducted humanely.
To assist in the evaluation of protective mechanisms, physical models were developed [16] and contributed to the development of decoupling strategies using improved armour systems to protect against blast shock waves [14] . A detailed discussion of blast protection is beyond the scope of this review, which is intended to focus on the pathophysiology of the response to blast and, in particular, the implications of these responses to resuscitation of casualties with combined blast injuries.
FORWARD (PRE-HOSPITAL) RESUSCITATION
Haemorrhage remains the leading cause of battlefield deaths [17] and the second leading cause of early death after civilian trauma [18] . Currently, a high proportion of military battlefield injuries are the consequence of explosive events, e.g. detonation of IEDs [11, 19] , with recent reports indicating that 70-80% of casualties result from explosions. There are also instances of civilians being injured by explosives, with mass casualties resulting from terrorist attacks [9, 10, 20, 21] . Once catastrophic haemorrhage has been arrested [22] , fluid resuscitation is often needed to sustain life until the casualty is evacuated to surgical care. Military evacuation timelines can differ significantly from those normally found in civilian settings. Although evacuation times in mature military operations are predominantly short, as are now being seen in Afghanistan, timelines in less mature settings (as we have seen recently [23, 24] ) can be considerably longer. Responsive resuscitation strategies such as the UK battlefield advanced trauma life support (BATLS [25] ) are therefore needed to accommodate situations where evacuation timelines are extended and accounting for military injuries. In addition, these concepts may be applicable to civilian settings, e.g. after terrorist bombings, where there is often disruption to infrastructure and security issues relating to secondary devices resulting in delayed evacuation.
A key feature of far-forward fluid resuscitation of hypovolaemic casualties is the maintenance of an acceptable oxygen delivery to sustain life, and if possible to limit physiological deterioration while minimizing the risk of disrupting nascent blood clots which could cause re-bleeding as the casualty is evacuated to surgical care. A number of authorities advocate the use of 'hypotensive' resuscitation where fluid is limited or withheld to deliberately allow blood pressure to remain below normal levels, and many military and civilian medical services now resuscitate casualties to a target systolic blood pressure of approximately 80 mmHg (a palpable radial pulse in humans) [25, 26] .
The basic scientific evidence supporting hypotensive resuscitation is predominantly based on models of uncontrolled haemorrhage involving major arterial lesions [27 -29] , e.g. aortotomy, that are among the most susceptible to re-bleeding when arterial pressure is elevated during resuscitation. In addition, the strategies that were compared with hypotensive resuscitation involved immediate and aggressive fluid resuscitation [27] [28] [29] , again maximizing the likelihood of re-bleeding. Finally, the timelines of the studies were predominantly short (1 -2 h), minimizing the impact of hypoperfusion owing to hypotensive resuscitation. Consequently, the models used, while providing valuable information for a debate regarding civilian resuscitation, were less relevant to a potential military situation since the injury models are considered unsurvivable in a battlefield setting and military evacuation timelines can be considerably longer. With longer resuscitation timelines, tissue hypoperfusion, a serious limitation of the hypotensive strategy, assumes greater clinical significance ultimately leading to ischaemic damage [30, 31] . The clinical evidence supporting hypotensive resuscitation is limited to short evacuation times to surgical care, e.g. 75 min, reported by Bickell et al. [32] .
PHYSIOLOGY OF RESUSCITATION AFTER COMBINED PRIMARY BLAST INJURY AND HAEMORRHAGE
British military doctrine for resuscitation advocated a hypotensive strategy until evacuation to surgical care [33] at the time the initial studies into hypotensive resuscitation after blast injury and haemorrhage were commissioned at Dstl Porton Down. This was in accordance with the still current NICE (UK National Institute of Health and Clinical Excellence) guidelines and US military practice [25, 26] . However, there were serious concerns regarding this approach when delayed evacuation was likely to be imposed because of operational issues e.g. intense local hostile action. These concerns were amplified when blast injuries were considered. Primary blast injury to the lungs result in a series of pathophysiological changes culminating in hypoxaemia [34] . In addition, there are a range of cardiovascular [35 -37] and microcirculatory [38] disturbances which may further compromise nutritative tissue blood flow. There was therefore a concern that a combination of the low tissue blood flow state inherent in hypotensive resuscitation might be compounded by poor arterial oxygenation leading to an overwhelmingly inadequate tissue oxygen delivery. Conversely, it was also known that blast injury could lead to a degree of myocardial compromise [36] , which could limit the response to a more aggressive resuscitation strategy. There was therefore no evidence to promote either a hypotensive or a normotensive resuscitation strategy after blast injury. The first step to resolve the problem was to investigate the physiological response to resuscitation after combined blast injury and haemorrhage. A model was developed to mimic a casualty injured in an explosive event and hence sustaining a primary blast injury to the lungs and a significant haemorrhage as a consequence of a secondary blast injury [39] .
The aim of the initial study was a comparison between normotensive and hypotensive strategies and the implication for survival over an 8 h period of resuscitation. Controlled haemorrhage was used in this study to avoid a systematic bias that would be introduced in an uncontrolled haemorrhage model by an anticipated difference in amounts of blood loss in blast and non-blast groups. This study was not intended to address the issue of re-bleeding as this is likely to be highly dependent on the nature of the model (or clinical injury) and would have confounded the interpretation of the physiological data.
The study was conducted in terminally anaesthetized pigs. Two injury patterns were included: haemorrhage (loss of 30% estimated total blood volume (BV), consistent across all groups) either alone or preceded by a survivable primary blast injury. The study compared the consequences of prolonged hypotensive 1 and normotensive 2 resuscitation after each injury type. All resuscitation was conducted with 0.9 per cent saline at an infusion rate of 3 ml kg 21 min 21 as this was the most commonly available fluid and probable infusion rate in a military pre-hospital setting. Blast injury was found to modify the response to subsequent haemorrhage, with blood pressure falling to lower levels in blast-exposed animals and remaining lower during the pre-resuscitation shock phase. In addition, blast injury led to a significant and persistent fall in PaO 2 , such that PaO 2 in animals subjected to blast was significantly below that seen in those given no blast. The most important finding of this study [31] was a clear, statistically and clinically significant difference in survival times between groups. All animals (8/8) given normotensive resuscitation after 30 per cent BV haemorrhage in the absence of blast injury survived until the end of the study. Approximately 67 per cent (4/6) of those given normotensive resuscitation after blast injury and haemorrhage survived for the full 480 min after the onset of resuscitation. Similarly, approximately 62 per cent (5/8) of those given hypotensive resuscitation after haemorrhage in the absence of blast injury survived for 480 min. By contrast, none (0/6) of the animals given hypotensive resuscitation after blast and haemorrhage survived beyond 209 min after the onset of resuscitation (figure 1a). The mean survival times in each of the groups are shown in figure 1b. Survival times were therefore significantly shorter in the groups given prolonged hypotensive resuscitation when compared with those given normotensive resuscitation (p , 0.0001). When the data were stratified into those subjected to blast and sham blast before haemorrhage the significant difference in survival between hypotensive and normotensive resuscitation was found to reside in the blast groups (p ¼ 0.0005), but not in the sham blast groups (p ¼ 0.0628).
A detailed assessment of oxygen transport suggested that the problem with hypotensive resuscitation after combined blast injury and haemorrhage related to oxygen delivery [31] . Arterial base excess (ABE) was used as a marker of underlying metabolic acidosis. Haemorrhage and shock caused a significant fall in ABE. After the onset of resuscitation there was a significant change in ABE, but the pattern of change differed significantly between groups. In animals given normotensive resuscitation ABE improved (became less negative), while those given hypotensive resuscitation after sham blast and haemorrhage displayed a clinically significant persistent metabolic acidosis. The fall in ABE was significantly greater in animals given the hypotensive resuscitation after blast injury and haemorrhage, culminating in death (figure 2). Oxygen extraction ratio (OER) was significantly increased after haemorrhage and shock. However, animals that were given normotensive resuscitation were able to reduce their OER to levels which were significantly lower than those seen in animals given hypotensive resuscitation (figure 2). Despite maximal oxygen extraction it was clear that oxygen delivery was grossly inadequate during hypotensive resuscitation after combined blast and haemorrhage, and whole body oxygen consumption was found to be reduced in this group [31] . The implications of these data were that normotensive resuscitation restored organ perfusion sufficiently to satisfy demand for oxygen, even in those where blood oxygenation was impaired after blast.
This physiological study therefore demonstrated that prolonged hypotensive resuscitation is incompatible with survival after primary blast injury and haemorrhage. However, over shorter timescales of up to 1 h, it was possible to sustain life using a hypotensive strategy. Even in the absence of blast injury, hypotensive resuscitation after haemorrhage allows significant physiological deterioration likely to cause later clinical problems including coagulopathy [40] and the development of inflammatory complications [41] .
These timescales are of profound military clinical significance, as survival for 1 h would allow evacuation to a Regimental Aid Post (Role 1 Facility) or other facility at which a doctor would be present.
Conversely, survival was significantly prolonged if an aggressive resuscitation strategy is used. Although the model used in this study did not allow us to comment on the likelihood of normotensive resuscitation re-initiating haemorrhage which may itself affect survival [32] , the study did demonstrate that aggressive resuscitation did not overwhelm the functional capacity of the blast injured myocardium. Normotensive resuscitation could be incorporated into resuscitation protocols following blast, or suspected blast injury, dependent on clinical judgement regarding the risk of rebleeding.
DEVELOPING AN IMPROVED RESUSCITATION STRATEGY: NOVEL HYBRID RESUSCITATION
The utility of hypotensive resuscitation is clearly limited to short evacuation times. However, although the aim is always to minimize evacuation times for battlefield casualties, provision has to be made for longer evacuation times as a contingency measure. The underlying cause of poor survival with prolonged hypotensive resuscitation was found to be inadequate oxygen delivery to tissues. Tissue oxygen delivery is the product of two factors: the oxygen content of arterial blood and the amount of blood perfusing the organs (equation (5.1)). Arterial oxygen content, in turn is dependent on both the concentration of haemoglobin in blood and the degree of saturation of haemoglobin with oxygen (equation (5.2)).
ð5:1Þ
The above equation gives the relationship between whole body oxygen delivery (DO 2 ), arterial oxygen content (CaO 2 ) and cardiac output (CO).
CaO 2 ¼ ½Hb Â SaO 2 Â 1:34: ð5:2Þ
The above equation gives the relationship between arterial oxygen content (CaO 2 ), haemoglobin concentration [Hb] and arterial saturation with oxygen (SaO 2 ); an additional term for the amount of oxygen dissolved in plasma has been omitted since this is small under normobaric conditions. Achieving adequate oxygen delivery is therefore a balance of a number of factors, e.g. administration of clear fluids will improve cardiac output, initially reduce viscosity (improving microvascular flow) but will eventually dilute the haemoglobin and become counter-productive. Oxygen administration will make a significant impact when initial arterial saturation is low (e.g. in blast lung) but less so when initial saturation is approaching 100 per cent. Additional considerations are superimposed on this simple drive to maximize oxygen delivery e.g. the need to avoid excessive increases in arterial blood pressure which may disrupt nascent blood clots (see earlier). This results in a compromise between several variables and has to evolve as the balance of risk changes. These considerations led to the proposal of a new resuscitation strategy termed 'novel hybrid resuscitation' [42] .
The novel hybrid strategy involves initial hypotensive resuscitation allowing time for clot stabilization in cases with incompressible haemorrhage, followed by normotensive resuscitation before the physiological penalties of hypotensive resuscitation become overwhelming 3 . To allow a systematic investigation of the new strategy, the model of explosive injury had to be developed further. An in vivo experimental model was unavoidable since the responses being investigated represented a complex interaction between the cardiovascular system, the lungs, metabolism, clotting mechanisms and physical risk of clot disruption and consequent re-bleeding. A model to assess the effectiveness of the novel resuscitation strategy therefore had to include an element of uncompressed haemorrhage to allow for the possibility of re-bleeding, and be a realistic model of 'survivable' battlefield injury that requires resuscitation to sustain life.
MODEL REQUIREMENTS
The model of incompressible haemorrhage used to assess new resuscitation protocols had to be severe enough to be life threatening and require resuscitation. In addition, the model needed to be representative of battlefield injuries that are potentially survivable given the level of care available to battlefield casualties, within realistic timescales, including extended evacuation times such as those recently seen in early phases of operations in Afghanistan and Iraq. The key features of the model included:
-an injury severe enough to require resuscitation to maintain life for up to 8 h; -must be representative of a realistic, survivable, battlefield injury; -assumes no surgical intervention for up to 8 h; -provides data on survival and physiological state from the onset of resuscitation up to a maximum of 8 h; and -must be reproducible, quantifiable and not introduce bias by being sensitive to confounding factors.
Several established models of uncontrolled and incompressible haemorrhage were in use by various research groups when this work was initiated and these were critically evaluated to determine if any were suitable for the programme's needs.
ESTABLISHED MODELS OF UNCONTROLLED AND INCOMPRESSIBLE HAEMORRHAGE
Uncontrolled haemorrhage refers to blood loss from a damaged blood vessel that has not been arrested by intrinsic haemostatic mechanisms or external intervention. Incompressible haemorrhage, in clinical terms, refers to a source of bleeding that is in an anatomical location where it is impossible to apply direct pressure to adequately control blood loss. Lesions to blood vessels where it is possible to apply direct pressure can be used as a model of incompressible haemorrhage if the experimental protocol excludes the use of direct pressure.
Established models of haemorrhage fall into three main categories:
-high pressure/high volume owing to a lesion in a major artery;
-low pressure/high volume owing to a lesion in a major vein; -a mixed model owing to a lesion in both arteries and veins.
The rate of blood loss will depend on the magnitude of the vessel and the size of the lesion. In addition, arterial models will tend to have an initial higher rate of blood loss that will fall exponentially as arterial blood pressure falls [29] until either death or the intrinsic haemostatic mechanisms stop the bleeding. This type of model is particularly sensitive to re-bleeding when arterial pressure is elevated e.g. owing to dislodging a haemostatic clot during resuscitation. Venous models have a lower initial rate of bleeding since intravascular pressure is much less in veins than arteries. However, venous bleeding can be substantial, prolonged and life threatening.
In mixed arterial/venous models the greatest volume of blood loss is initially arterial. However, as the haemorrhage progresses and arterial pressure falls the relative venous contribution becomes more important. Susceptibility to re-bleeding upon resuscitation is intermediate between pure arterial and venous models.
Other models of haemorrhage involve small, standardized, cuts to organs e.g. skin or spleen [43] to determine the duration of bleeding in response to various treatments. These latter models were not considered further since the degree of blood loss is not great or life threatening, and hence the models are irrelevant as a means of assessing resuscitation following battlefield injuries.
POTENTIAL MODELS OF HAEMORRHAGE RELEVANT TO BATTLEFIELD CASUALTIES (a) Arterial bleeding
A model incorporating aortotomy has been used extensively in studies investigating re-bleeding during resuscitation [27 -29,44 -46] Advice from senior surgical colleagues from the UK Defence Medical Services indicated that significant arterial injury of this nature was simply non-survivable in most battlefield casualties. Therefore, although an aortotomy model is one of the most stringent tests of re-bleeding during resuscitation, it is simply inappropriate in the context of assessing forward resuscitation strategies as the conclusions may be biased towards selecting a protocol only applicable to a minority of casualties.
(b) Venous bleeding Grade V liver injury [47] is a well-established model that involves massive venous bleeding. This model has been used to assess the haemostatic potential of rFVIIa and topical agents [48] [49] [50] [51] . However, it would not be a satisfactory model of a survivable battlefield injury in the context of assessing resuscitation strategies as survival is dependent on early surgical packing of the liver [49, 51] . This could not happen in an austere pre-hospital environment for battlefield casualties. Consequently, a model involving a very severe venous haemorrhage was rejected.
(c) Mixed arterial and venous bleeding Surgical opinion suggested that a mixed model of arterial and venous bleeding would be the most appropriate to assess any resuscitation strategy. Ideally this model should involve bleeding into a body cavity for face-validity 4 . A grade IV liver injury [47] has been used by others and has been shown to involve significant bleeding that is sensitive to therapy [52] . This is viewed as a mixed model since although it is predominantly venous it does also involve section of significant arteries as well as veins [52] .
Grade IV liver injury was shown to be capable of producing a substantial haemorrhage, but relying solely on this injury as the source of blood loss could lead to increased variability in volume of initial haemorrhage and to potential bias between groups. Bias was likely to arise between blast and non-blast injured groups because haemorrhage after blast results in more rapid early falls in arterial blood pressure [53] , resulting in greater uncontrolled blood loss from those subjected to haemorrhage without blast injury. The problem was solved by incorporating an initial phase of controlled haemorrhage (30% total estimated BV), at the conclusion of which arterial blood pressure had diminished to similar levels regardless of prior blast exposure. At the end of the controlled haemorrhage the grade IV liver injury was created from which further uncontrolled haemorrhage could ensue in all groups without systematic bias. It was found that animals' haemostatic mechanisms could arrest the uncontrolled haemorrhage and, by leaving the injury uncompressed, re-bleeding could potentially ensue. This model has face validity since a grade IV liver injury is viewed as serious, and is associated with significant bleeding in casualties and is the type of initially survivable injury where there would be concern regarding clot disruption and re-bleeding. The model required fluid resuscitation to sustain life for up to 8 h without surgical intervention.
NOVEL HYBRID RESUSCITATION STRATEGY
The aim of the next study was to evaluate the novel hybrid resuscitation strategy whereby an initial period of hypotensive resuscitation (1 h), to sustain life and allow time for clot stabilization, is followed by normotensive resuscitation in an attempt to limit (or preferably reverse) the physiological deterioration that developed during the hypotensive phase. The primary endpoint was survival over an 8 h period simulating prolonged evacuation. Secondary outcome variables included physiological indices of deterioration such as metabolic acidosis and inflammatory state. The study was conducted on terminally anaesthetized Large White pigs. The animals were randomly allocated to one of four groups at the outset: -group 1 (n ¼ 6) haemorrhage/NH; -group 2 (n ¼ 6) blast/haemorrhage/NH; -group 3 (n ¼ 6) haemorrhage/Hypot; -group 4 (n ¼ 6) blast/haemorrhage/Hypot
The resuscitation strategies employed were either novel hybrid (NH, target systolic arterial pressure of 80 mmHg for the first hour and 110 mmHg thereafter) or hypotensive (Hypot, target systolic arterial pressure of 80 mmHg throughout). The protocol is summarized in figure 3 .
(a) Effect of novel hybrid resuscitation on survival Novel hybrid resuscitation was associated with a significantly increased survival time compared with prolonged hypotensive resuscitation in blast injured groups (figure 4, p ¼ 0.02, Kaplan -Meier survival analysis, Peto's log rank test). By contrast, there was no significant difference in survival time between NH and hypotensive resuscitation in the absence of blast injury (p ¼ 0.45).
(b) Metabolic effects associated with alterations in oxygen transport A statistically and clinically significant metabolic acidosis developed in all groups during the hypotensive phase of resuscitation, characterized by a significant fall in arterial base excess (figure 5). In animals given NH resuscitation the metabolic acidosis was reversed after the onset of the normotensive phase of resuscitation. By contrast, animals given prolonged hypotensive resuscitation after blast injury and haemorrhage showed a continued fall in arterial base excess until the animals succumbed. Continued hypotensive resuscitation after haemorrhage in the absence of blast injury resulted in a severe, sustained, metabolic acidosis. A detailed analysis of oxygen transport suggested that the improvement seen with the NH resuscitation strategy was associated with enhanced tissue oxygen delivery. Following haemorrhagic shock there was a significant increase in oxygen extraction ratio (OER) from the physiological resting normal value of approximately 25 per cent to the physiological maximum of approximately 80 per cent. OER persisted at the maximal level until the onset of normotensive resuscitation in the NH groups. Thereafter OER was able to fall in both groups given NH resuscitation, but remained maximal in the hypotensive groups, resulting in a statistically significant difference between NH and hypotensive resuscitation groups ( figure 5) . Clearly, the level of tissue oxygen delivery was grossly inadequate in the group given hypotensive resuscitation after blast injury and haemorrhage since arterial base excess, a marker of metabolic acidosis, continued to fall despite maximal OER. By contrast, in the groups given NH resuscitation the decline in arterial base excess was reversed and base excess returned towards normal. Therefore, NH resuscitation conferred physiological advantage even in the absence of blast injury since it reversed a physiologically damaging metabolic acidosis which has been associated with enhanced inflammatory responses and morbidity [41] .
(c) Evidence of enhanced inflammatory response associated with hypotensive resuscitation High mobility group box 1 (HMGB1), a highly conserved, ubiquitous protein present in the nuclei and cytoplasm of nearly all cell types, is a necessary and sufficient mediator of inflammation during sterile and infection-associated responses [54] . Significantly elevated levels of HMGB1 were found to be associated with hypotensive resuscitation (p ¼ 0.0156 Friedman analysis of variance) rather than injury type (p ¼ 0.6695, blast versus sham blast, figure 6 ). Elevated HMGB1 was found to be associated with metabolic acidosis, possibly as a consequence of poor oxygen delivery to tissue rather than blast injury per se.
(d) No evidence of increased uncontrolled haemorrhage (re-bleeding) associated with novel hybrid resuscitation No evidence could be found of increased intraabdominal blood loss (re-bleeding from the grade IV liver injury) associated with NH resuscitation. There was no significant difference in the volumes of intraabdominal fluid (normalized for survival time) between groups (p ¼ 0.33, 2 way ANOVA, figure 7a). To evaluate whether early death owing to clinically significant re-bleeding was seen in any individual animal given NH resuscitation, data representing normalized volumes of intra-abdominal fluid were plotted for individual animals as a function of survival time. For illustrative purposes the data overlie the mean + 2 standard deviation envelope for the animals given hypotensive resuscitation (figure 7b). This envelope corresponds to the volume of intra-abdominal haemorrhage expected in approximately 95 per cent of those given hypotensive resuscitation and hence can be used to determine whether any individual animals exhibited a greater than expected volume of uncontrolled blood loss. Three animals did fall outside of this envelope and exhibited a greater degree of fluid loss into the abdomen, and all three were in the group given NH resuscitation. However, there was no evidence that the degree of fluid loss in these three animals resulted in a fatal compromise: two survived to the end of the study (8 h ) and the third survived almost to the end of the study.
A notable difference between the present study and previous studies that have been used to support the concept of hypotensive resuscitation is the degree of re-bleeding. There are a number of important differences between our study and previous published work (e.g. [27 -29,32] ). As described earlier, the model of injury underpinning the re-bleeding element may be significant. Earlier studies (e.g. [27] [28] [29] ) used a model that is perhaps the most sensitive to re-bleeding (lesion, often a longitudinal tear, in a major artery), while our model is one of a mixed arterial/ venous lesion. The result of model choice in previous studies therefore results in a bias towards hypotensive resuscitation. This can be viewed as a strength in that it selects for the 'safest' option, unless the model itself is viewed as an unrealistically severe challenge whereupon it becomes a weakness since it may bias against a more effective treatment for the majority of casualties. Consequently, the earlier studies have provided valuable insight into the context of a civilian setting with rapid evacuation to a surgical facility. However, these earlier studies are less relevant for a military setting when there can be extended evacuation times. A second important difference between the present study and earlier work, including the clinical trial [32] , is the timing of the normotensive phase of the resuscitation. The earlier studies compared hypotensive resuscitation with immediate and very aggressive fluid resuscitation to restore blood pressure, a time when the nascent clot is most fragile and vulnerable. By contrast, NH involves initial hypotensive (a) (c) Figure 9 . Systemic arterial blood pressure response to infusion of hypertonic saline dextran (HSD) in four individual animals. All animals had received a controlled haemorrhage followed by a grade IV liver injury. Preceding the haemorrhage animals were either subject to blast injury or no blast injury as follows: (a) no blast injury, good response to HSD; (b) blast injury, good response to HSD; (c) blast injury, poor response to HSD, target blood pressure was not attained before animal died; (d)(i) blast injury, initial good response to HSD and attainment of target blood pressure followed approximately 15 min later by (d)(ii) catastrophic collapse and death. Blocks labelled HSD indicate periods of HSD infusion.
resuscitation (for 1 h) allowing time for the clot to stabilize [55] before initiating normotensive resuscitation. These differences may explain why NH is not associated with significant re-bleeding compared with earlier studies that reported re-bleeding with normotensive resuscitation strategies. Novel hybrid resuscitation was therefore found to be superior to hypotensive resuscitation for extended evacuation times (up to 8 h) in a model of survivable battlefield injury. This should not be viewed as a simple challenge to hypotensive resuscitation but rather sets boundaries to its application when timelines of evacuation are extended, especially if there are concomitant lung injuries that compromise oxygenation. NH resuscitation is a viable solution to a problem that arises when extended evacuation is enforced: after the first hour of resuscitation consider elevating blood pressure towards normal levels to improve tissue perfusion and oxygen delivery before the physiological penalties of under-perfusion associated with hypotensive resuscitation become overwhelming. In this way a compromise is found between hypotensive and normotensive resuscitation by minimizing the likelihood of re-bleeding initially (using the established hypotensive principle) but attempting to reverse the physiological compromise later if the casualties have not yet arrived at an echelon of surgical care. This provides underpinning evidence for the current BATLS strategy for management of hypovolaemic casualties [25] . Many clinical decisions are based on a compromise representing a balance of risk, and resuscitation is no exception. The evaluation of the casualty should be made on a case by case basis. Wherever possible the decision making will include the potential risk of re-bleeding and factors predisposing to physiological compromise (e.g. lung injury) based on nature of injury, together with the imminence of evacuation. However, in some circumstances such evaluation may be impossible owing to the austerity of the environment or lack of a suitably qualified individual to make the judgement. Under those conditions, the NH strategy may represent the safest choice for the majority of surviving battlefield casualties if there is concomitant lung injury.
(e) Hypertonic saline dextran The initial demonstration of the novel hybrid resuscitation strategy used 0.9 per cent saline as the only resuscitation fluid. It was possible that further advantage could be gained by initiating resuscitation with a hypertonic solution e.g. hypertonic saline dextran (HSD). Hypertonic solutions have been advocated for far-forward military resuscitation [56] since they possess a significant logistical benefit in terms of reduced weight burden; 250 ml of HSD is reputed to be equivalent to 3 l of 0.9 per cent saline with respect to early plasma volume expansion. Hypertonic solutions are also known to dampen the systemic inflammatory response that develops after trauma and which is thought to be part of the aetiology underlying later complications [57] [58] [59] [60] . This benefit of HSD has been shown in a number of clinical studies [59] [60] [61] . In addition, hypertonic solutions have been shown to confer microcirculatory benefit, possibly improving the distribution of blood flow in tissue [62] . Consistent with this, in an early study we found that HSD reduced the metabolic acidosis during hypotensive resuscitation after haemorrhage alone [42] . Unfortunately this beneficial effect was not apparent after combined blast injury and haemorrhage. A possible explanation for this at the time was that the microcirculatory effect of HSD was simply not sufficient to overcome the very poor tissue oxygen delivery owing to combined low arterial oxygen content (owing to blast lung) and low flow (owing to the hypotension). [42] However, a resuscitation strategy that promotes better tissue perfusion might allow the beneficial effects of HSD to become apparent after combined blast injury and haemorrhage.
An extension of the novel hybrid study therefore evaluated whether HSD, as part of a resuscitation strategy employing the novel hybrid blood pressure profile, was at least as effective as 0.9 per cent saline in relation to survival. Furthermore, we sought to determine whether HSD was superior to 0.9 per cent saline with respect to physiological changes by limiting the initial deterioration in acid base status during the hypotensive phase of resuscitation and enhance the acid base improvement during the normotensive phase. This study therefore compared the effectiveness of novel hybrid resuscitation when the resuscitation was commenced with HSD versus normal saline. The maximum amount of HSD was capped at 500 ml per 70 kg and the fluid was given in controlled aliquots to avoid over-shooting of the target blood pressure and increasing the risk of re-bleeding from an uncompressed haemorrhage model.
(f ) Effect of HSD on survival Surprisingly, HSD was associated with a significantly reduced survival time in the blast/haemorrhage groups (Kaplan -Meier survival analysis, Wilcoxon method, p ¼ 0.04, figure 8 ) but not in the groups subjected to haemorrhage alone (p ¼ 0.11).
Poor survival in the group subjected to combined blast injury and haemorrhage and subsequently resuscitation with HSD was owing to poor responsiveness to HSD. An example of a 'good' response to HSD is given in figure 9a ,b. HSD can be seen to cause an initial, brief, fall in arterial blood pressure followed by a significant rise. In both these cases two doses were required to attain the target systolic arterial pressure (SBP). The individual animals shown in figure 9a ,b continued to respond well to HSD and survived, respectively, for 480 and 467 min after the onset of resuscitation. By contrast, an example of 'poor' response to HSD is shown in figure 9c . This animal showed little response to HSD, the target SBP was not met despite repeated doses of HSD and the animal eventually succumbed within 21 min of the onset of resuscitation. A more dramatic HSD failure is shown in figure 9d(i) and 9d(ii). Here the response to HSD was initially good and the target SBP was attained. However, this was followed by a sudden collapse and death approximately 15 min after the onset of resuscitation, despite further attempts at fluid resuscitation as directed by the protocol. Of 11 animals in the group given combined blast and haemorrhage and resuscitated with HSD, six showed a good response to HSD and survived beyond the first hour of the study, three failed to respond (did not attain the target SBP) and two showed the catastrophic collapse shown in figure 9d . Furthermore, one of the animals that failed to attain the target SBP also showed a sudden collapse in blood pressure prior to death. In the absence of blast injury all animals given HSD responded well and survived the duration of the study (8 h from the onset of resuscitation).
The mechanism(s) whereby HSD fails after combined primary blast injury and haemorrhage is of particular interest. Unfortunately, although the study identified clear exclusions of potential mechanisms it did not identify a clear mechanism of failure. Three plausible possibilities were excluded based on the study: catastrophic re-bleeding, increased vascular permeability attenuating the ability of HSD to expand plasma volume and acute sodium toxicity.
HSD (for initial resuscitation) was therefore inferior to 0.9 per cent saline when haemorrhage was complicated with primary blast injury. This was owing to early failure to respond adequately to HSD, or sudden collapse during its use, in a number of cases. By contrast HSD did show a significant physiological benefit when used after haemorrhage in the absence of primary blast injury. However, this benefit may not outweigh the risk of overshooting the target blood pressure during resuscitation especially in austere circumstances where accurate, continuous measurement of arterial blood pressure is impossible. Nonetheless HSD may have a role (in circumstances where the logistical benefit of weight reduction is very important) for resuscitating casualties where primary blast injury can definitely be excluded e.g. injuries not associated with explosions. Should HSD be used in these circumstances very careful titration of HSD to target blood pressures would be necessary, imposing its own burden on those responsible for resuscitating the casualty under difficult circumstances.
(g) Supplementary oxygen
The strategies described hitherto focused on improving tissue perfusion. These were investigated first because forward deployment of oxygen in a military setting is especially problematic: pressurized cylinders represent a substantial additional hazard in an environment where there is a ballistic threat, although newer technologies to generate oxygen in situ may provide a solution in the future. In theory oxygen administration should make a significant impact when initial arterial saturation is low (e.g. in blast lung) but less so when initial saturation is approaching 100 per cent. Additional considerations are superimposed on this simple drive to maximize oxygen delivery e.g. the need to avoid excessive increases in arterial blood pressure which may disrupt nascent blood clots (see earlier). A further study was therefore undertaken to assess the effects of elevated FiO 2 in combination with hypotensive resuscitation on survival after combined blast injury and haemorrhage. The primary outcome variable was again survival and secondary outcomes included physiological state.
The study was conducted on two groups of terminally anaesthetized Large White pigs. Both groups were subjected to primary blast injury followed by the model of controlled/uncontrolled haemorrhage (grade IV liver injury). A hypotensive resuscitation strategy using normal saline was used throughout. Thirty minutes after the onset of resuscitation one group of animals were given elevated inspired oxygen, titrated to increase arterial oxygen saturation to 95 per cent. The second (control) group continued to breathe air throughout.
Administration of supplementary oxygen successfully increased PaO 2 and SaO 2 , and there were no difficulties in titrating SaO 2 to a target value of 95 per cent (figure 10). In a field situation this could be achieved using pulse oximetry.
Survival times were significantly longer in the oxygen-treated group compared with animals breathing air (p ¼ 0.014, figure 11 ). The improved survival was associated with an arrest of the development of metabolic acidosis in the oxygen-treated group (figure 12). By contrast, in the group given air to breathe the reduction in base excess continued with prolonged resuscitation until the animals succumbed ( figure 12 ).
The effect of increased FiO 2 was an elevation in arterial oxygen content and it is probable that this resulted in a beneficial effect by enhancing tissue oxygen delivery. This is supported by the differences in OER between the two groups once supplemental oxygen administration had commenced. Initially OER was found to be at the physiological normal of approximately 25 per cent in both groups, and was elevated significantly after blast injury and haemorrhage to the physiological maximum value of approximately 80 per cent (figure 12). OER remained at this level in both groups for the first 30 min of resuscitation, and until this point there were no significant differences between groups. OER remained at the physiological maximum for the reminder of the study in the group given air to breathe. Clearly, the level of tissue oxygen delivery was grossly inadequate in the group given air to breathe since arterial base excess continued to fall despite maximal OER. By contrast, in the group given supplemental oxygen OER fell marginally (although this did not attain statistical significance) and, importantly from a clinical perspective the fall in base excess was arrested. Base excess subsequently remained stable, but low, in the group given supplemental oxygen, suggesting that tissue oxygen delivery was just adequate to sustain life, although in this model not sufficient to pay the 'oxygen debt' incurred during the shock phase and the initial period of resuscitation.
Supplementary oxygen, sufficient to restore arterial oxygen saturation to 95 per cent, significantly increased survival during hypotensive resuscitation after primary blast injury and haemorrhage. The beneficial effects of oxygen appear to be due to improved oxygenation (owing to elevated arterial oxygen content). This is clearly a beneficial effect compared with air-breathing and is likely to 'buy time' in blast-injured hypovolaemic casualties, but it is likely to be limited by the poor tissue perfusion associated with hypotensive resuscitation. However, in casualties where there is a high risk of re-bleeding and an elevation in arterial blood pressure later in the resuscitation process (novel hybrid resuscitation) poses an unacceptable risk, supplemental oxygen has a clear role to increase survival times during protracted evacuation to surgical care. This use of supplementary oxygen to a pre-defined arterial saturation level is in accordance with published guidelines relating to the use of emergency oxygen in adults, which was the subject of a recent editorial in the British Medical Journal [63] .
CONCLUSIONS
The conclusion of the programme on focused farforward resuscitation strategies was the provision of objective evidence to describe the limitations of hypotensive resuscitation strategies with particular reference to battlefield injuries, and an understanding of the mechanisms of that limitation. A new strategy, novel hybrid resuscitation, was developed to combine the strengths of hypotensive resuscitation during rapid evacuation with a method of mitigating its weaknesses when delayed evacuation is enforced. An alternative, initially attractive, resuscitation fluid (HSD) was found to be unsuitable after combined blast injury and hypovolaemia, recognizing an important limitation to its usefulness. Finally, a strong evidence base is emerging to drive consideration of forward oxygen deployment. This would be especially attractive for casualties at high risk of re-bleeding where novel hybrid resuscitation may not be suitable, Figure 11 . Kaplan-Meier survival plot for two groups of animals subjected to blast injury, haemorrhage and hypotensive resuscitation. The Blast O 2 group was given supplemental oxygen to elevate SaO 2 to 95% starting 30 min after the onset of resuscitation, while blast Hypot continued to breathe air throughout.
although technological advances will need to be made to solve the logistical and safety issues relating to forward deployment of oxygen. Target SBP of 110 mmHg, attained using the ATLS strategy of infusing 2 l/70 kg 0.9 per cent saline followed by further aliquots as necessary to attain and maintain the target SBP. 3 It is acknowledged that a pressure endpoint is a very poor proxy of tissue blood flow and oxygen delivery. However, pressure endpoints are used in far-forward resuscitation strategies because currently in these austere environments equipment to measure blood flow or tissue oxygenation is simply unavailable. A combat medical technician (military paramedic), who often provides early treatment, has to carry their equipment and fluids over long distances in hostile environments. Hence the equipment available is limited and assessment of blood pressure is reduced to e.g. detection of a palpable radial pulse (corresponding to a systolic arterial pressure of 80-90 mmHg). Identification of parameters to improve casualty assessment and equipment to make this feasible in a forward environment is an area of essential research. 4 Face validity in this case indicates that the model is both valid and is recognized as being valid by those relying on conclusions drawn using it rather than a model that may fulfil the scientific criteria but is not easily recognized as being a valid model of incompressible bleeding.
